whereas the resistivity of Ca 10 (Ir 4 As 8 )(Fe 2−x Ir x As 2 ) 5 exhibits an unusual kink near 100 K, as shown in Fig.1(c) , suggesting an unusual transition occurs that is related to the electron configuration of the divalent iridium.
In this letter, we present a synchrotron x-ray structural study on Ca 10 (Ir 4 As 8 )(Fe 2−x Ir x As 2 ) 5 . Our analysis clearly exhibits the appearance of superstructure peaks below 100 K, indicating a doubled period along the c-axis. In the low-temperature phase, half of the iridium ions shift along the c-axis, displacing the surrounding arsenic ions.
Together with theoretical calculations based on the point-charge model, we conclude that the transition is an orbital crossover transition between 5d xy and 5d z 2 of the divalent iridium.
Single crystals of Ca 10 (Ir 4 As 8 )(Fe 2−x Ir x As 2 ) 5 were grown at Okayama University. The Table I . The electrical resistivity ρ ab (parallel to the ab-plane) measurements were performed using the standard DC four-terminal method in a physical property measurement system (Quantum Design PPMS).
In our single crystal x-ray diffraction experiments, superstructure peaks emerged near 100 K, which nearly correspond to the kink in the electric resistivity measurement, and the peaks increased as the sample was cooled, as shown in Fig.1(a) . The superstructure peaks indicate a doubled period along the c-axis direction below the transition. As shown in Fig.1(b) , lattice parameters show no discontinuous jump at 100 K, suggesting that the transition is second order.
Through careful investigation of the Laue symmetry and the extinction rule of h+k =2n for hk0, we found that the structural symmetry at 20 K was tetragonal with the space group P 4/n, indicating that the space group was unchanged across the transition. Our precise definition of the composition showed a small amount of Ir substituted for Fe in the present samples, which was not reported in the previous study. 15 The low-temperature structural data is summarized in Table II .
The space group P 4/n is preserved at the lowest measured temperatures, while some atomic sites split into two crystallographically inequivalent sites, as shown in Fig.2 transition, Ir(2b) shifts toward the center of the As square, as shown in Fig.2(c) and (e).
In contrast, Ir(2a) is displaced toward the As(2a) ion in the adjacent Fe 2 As 2 layer, resulting in an almost 10% reduction in the Ir(2a)-As(2a) distance than that at 290 K, as shown in Fig.2(c) and (d). Note that As(2a) also shifts toward Ir(2a) in low temperature, suggesting a strong tendency toward the bonding formation between Ir(2a) and As(2a). As a result of the displacement of iridium, the As(1b) square expands, whereas the As(1a) square contracts, as shown in Fig.2(d) and (e).
The experimentally observed strong bonding tendency between Ir(2a) and As(2a) leads us to expect an unpaired electron in the Ir(2a) d z 2 orbital, which spreads toward As(2a) directions. Based on the crystal field theory, this orbital exists in the square-pyramidal crystal field around the divalent Ir(2a) ion with a 5d 7 electronic state. Because the d z 2 orbital has higher energy than the d xy orbital in the square-pyramidal crystal field, an unpaired electron may exist in the nondegenerate d z 2 orbital. Here, the divalent electric state of iridium has been suggested experimentally using x-ray photoelectron spectroscopy (XPS). 15 To confirm that 2 ) 5 ·2e 2− . In this calculation, the Coulomb interaction between an unpaired electron in the Ir 5d orbital and the surrounding As ions is given
where ǫ o indicates the dielectric constant of vacuum, and R i expresses the coordinate of the ith As ion, which is deduced from our x-ray diffraction data (Table I) . Here, Z R represents the formal electron valence for each ion presented above: 2-for As(1a) and As(1b), and 3-for As(2a) and As(2b), respectively. The calculation demonstrated that the d z 2 orbital energy was higher than the d xy orbital energy due to the Coulomb potential from the surrounding ions, as shown in Fig.3(a) , indicating that the coordination structure around the Ir(2a) ion can be regarded as square-pyramidal, as shown in Fig.2(d) . Here, d yz and d zx orbital energies are higher than d xy orbital energy due to the strong Coulomb potential from the trivalent As(2a).
On the other hand, when we applied similar calculations to Ir(2b), which shifts toward the center of the As square in low temperatures, the results clearly show that the d xy orbital energy is higher than the d z 2 orbital energy, as shown in Fig.3(a) , suggesting a square-planartype crystal field exists around the Ir(2b) ion. A similar result can be obtained for the Ir (1) site as well, which is located at the coplanar atomic site with respect to the As square. As a result, the present system displays complex orbital ordering patterns for the divalent iridium ions, as shown in Fig.3(b) . Considering that an unpaired electron occupies the 5d xy orbital at high temperatures, as shown in the previous study, 15 our experimental results and theoretical calculations clearly demonstrate the transition between the d xy and d z 2 orbitals of divalent iridium, which we can refer to it as an "orbital crossover" transition of the divalent iridium.
Because the degeneracy of the 5d orbitals of Ir (2) is inherently lifted at high temperatures, the origin of the orbital crossover transition is unclear. The displacement of iridium may enhance the hybridization between the Ir 5d and As 4p orbitals, leading to a lowering of the total energy of the present system. As we mentioned above, the displacement of Ir(2a) causes a decrease in the Ir(2a)-As(2a) distances, suggesting a tendency toward hybridization between the Ir 5d z 2 and As 4p orbitals. Furthermore, the Ir(2b) ions with the unpaired electron in 5d xy orbital shifts toward the As square, enhancing the hybridization between the Ir 5d xy orbital and As 4p orbitals.
The commensurate periodicity between Fe 2 As 2 and Ir 4 As 8 layers may be responsible for the different 5d orbital characters between Ir(2a) and Ir(2b) at low temperatures. In the present system, the unit cell contains four IrAs 4 squares per Ir 4 As 8 layer, which is intimately 6/10
